We analyzed a 5,770-bp genomic region of Drosophila virilis that contains a cluster of two maltase genes showing sequence similarity with genes in a cluster of three maltase genes previously identified in Drosophila melunogaster. The D. virilis maltase genes are designated Muvl and Muv2. In addition to being different in gene number, the cluster of genes in D. virilis differs dramatically in intron-exon structure from the maltase genes in D. melunoguster; the transcriptional orientation of the genes in the cluster also differs between the species. Our findings support a model in which the maltase gene cluster in D. virilis and D. melunoguster evolved independently. Furthermore, while in D. melunoguster the maltase gene cluster lies only 10 kb distant from the larval cuticle gene cluster, the maltase and larval cuticle gene clusters in D. virilis are located very far apart and on a different chromosome than that expected from the known chromosome arm homologies between D. virilis and D. melunoguster. A region of the genome containing the maltase and larval cuticle gene clusters appears to have been relocated between nonhomologous chromosomes.
Introduction
Clusters of functionally related genes have, in some cases, a phylogenetically conserved or semi-conserved spatial organization of genes within the cluster. In other cases the spatial organization is not conserved (Martinez-Cruzado et al. 1988; Hooper et al. 1992 ; Drosopoulou and Scouras 1995; Stathakis et al. 1995; von Allmen et al. 1996; Wright 1996) . With a few exceptions, when gene organization is conserved, it is not known whether the conservation results from functional constraints that preserve the organization or from the historical happenstance that no chromosomal rearrangements disrupting the organization have yet become fixed. To help distinguish between these possibilities, it is useful to compare homologous gene clusters in species that are sufficiently diverged to have had numerous chromosomal rearrangements become fixed, resulting in a reshuffling of the physical order and spacing of genes separated by an average distance of one megabase or less. Such appears to be the case with Drosophila virilis and Drosophila melanogaster.
These species are suitable for studies of comparative genome organization because they diverged approximately 40-60 MYA (Powell and DeSalle 1995; Russo, Takezaki, and Nei 1995) and there has been extensive chromosome arm rearrangement. Comparative genome mapping of closely linked genes has so far failed to reveal any syntenic regions longer than could be explained by chance alone (Vieira et al. 1997a) .
In this work, we examine genome organization on an even finer scale. We have used probes from the D. melanogaster "maltase gene cluster" of three maltase genes (H, D, and L) (Ashburner 1989) . Therefore, our data show that a region including the maltase gene cluster and the larval gene cluster changed position from one chromosome element to another. Moreover, the larval cuticle gene cluster and the maltase gene cluster are widely separated in D. virilis.
Subcloning from Pl into LambdaScan Materials and Methods

Strains and Nucleic Acid Preparation
Drosophila virilis wild-type strain 9 was originally collected in 1970 in Batumi, Georgia, in the former USSR (Lozovskaya, Scheinker, and Evgen'ev 1990) . Wild-type stocks of D. hydei (15085-1641.12) and D. pseudoobscura (1401 l-0121.0) were obtained from the National Drosophila Species Stock Center in Bowling Green, Ohio. Genomic DNA was prepared as described in . DNA from D. virilis bacteriophage Pl clones was extracted using the Miniprep method (Hart1 and Lozovskaya 1995). Plasmid DNA was extracted using the Qiaprep Plasmid Kit (Qiagen).
Pl Library Screening
We screened the D. vi&s Pl library prepared by Lozovskaya, Petrov, and Hart1 (1993) in order to isolate D. virilis Pl clones containing the maltase and larval cuticle genes. Filters were prepared for hybridization as described by these authors. Radioactive
Southern hybridization at reduced stringency was performed at 42°C in 5 X SSPE (0.75 M NaCl, 0.05 M NaH2P04, 0.005 M EDTA), 0.1% sodium lauryl sulfate (SDS), 1 X Denhardt's solution (4 mg/ml bovine serum albumin, 4 mg/ml polyvinylpyrolidone, 4 mg/ml Ficoll), 0.1 mg/ml sonicated denatured salmon sperm DNA, and 29% for- Subclones averaging 10 kb were prepared from D. virilis bacteriophage Pl clone Dv66-88. The vector was the specialized LambdaScan vector described by Nurminsky and Hart1 (1996) , which is convenient because of the size selection for relatively large clones.
Southern Hybridization
DNA was digested with restriction enzymes, the restriction fragments separated by electophoresis in agarose gels, and transferred onto Hybond N membrane (Amersham) as described in Sambrook, Fritsch, and Maniatis (1989) . Labeling of the probe and Southern hybridization were performed as described in the Random Primer Fluorescein Labeling Kit (DuPont).
RNA Isolation and Reverse Transcriptase PCR (RT-PCR)
Total RNA was isolated from adults of D. virilis, and RT-PCR was performed as described by using the following primers: an oligo(T)-adaptor (5'-ACTGCTCGTACCACAATGGCTGCTIS-3') along with 5'-TCATTCAGCATTGGCGTCAGC-3' (position 925 in entry AFO06573).
DNA Sequencing
Inserts of LambdaScan subclones were cut with restriction enzymes. The fragments of interest were transferred into the vector pSP72 (Promega) and sequenced using the transposon-facilitated DNA sequencing method of Strathmann et al. (1991) . DNA sequencing was performed with an Applied Biosystems model 373A DNA sequencing system (Applied Biosystems) with the ABI PRISM Dye Termination Cycle-Sequencing Kit. Products amplified by PCR were sequenced after subcloning with the TA Cloning Kit (Invitrogen).
Computer Analysis
The coding region of the two maltase genes from D. virilis are deposited in GenBank (accession number AF006573). Alignment of the Mavl and A4av2 amino acid sequences with other maltase sequences was based on the alignment of Zheng et al. (1995) using the computer program ESEE (the EyeBall Sequence Editor, version 1.04). DNA database screening was done using the updated EMBL and GenBank Nucleotide Sequence Data Library. The maltase genes we used in the comparison were as follows: the sequence data of D. melanogaster (accession number KOO045 from Snyder and Davidson 1983) ; Anopheles gambiae (accession numbers X87410 and X8741 1 from Zheng et al. 1995) ; and Aedes aegypti (accession numbers M30443, M22322, and M22364 from James, Blackmer, and Racioppi 1989).
Results
Isolation and Cytological Localization of the Maltase Genes in D. virilis
We probed, by Southern hybridization at low stringency conditions, genomic DNA from D. virilis with four different probes. The probes were PCR amplification products of three maltase genes (H, D, and L) and one larval cuticle gene (Lcp2), all from D. melanogas- 
Genomic Structure of the Maltase Genes in D. virilis
We sequenced a region of 5,770 bp from Pl clone Dv66-88 that contains the coding regions of two maltase genes, here termed i&v1 and Mav2. Muvl is 1,878 bp long and encodes a putative polypeptide of 586 amino acids, whereas A4uv2 is 1,709 bp long and encodes a putative polypeptide of 524 amino acids. The spacing between the genes is 1,920 bp. Both genes are oriented in the same direction ( fig. 2) . Hybridization with genomic DNA using Mavl and i&v2 as probes shows that, in D. virilis, both genes are present in a single copy ( fig.  3) . The Muvl and Mav2 coding sequences are 69% identical at the nucleotide level and 65% identical at the amino acid level.
From the analysis of the DNA sequence of the Muvl gene and the alignment of the putative amino acid sequence with other maltase proteins, we postulated the presence of two introns of sizes 53 bp (extending from nucleotide position 1296 to position 1348 in entry AFO06573) and 61 bp (extending from nucleotide position 1696 to position 1757 in entry AFO06573). A similar analysis of A4uv2 also suggested the presence of two introns of sizes 60 bp (nucleotide positions 5 118-5 178 in entry AFO06573) and 70 bp (nucleotide positions 5330-5403 in entry AFO06573). The splice and acceptor sequences that flank these putative introns match the consensus for small introns in Drosophila (Mount et al. 1992 ). These putative introns not only disrupt the open reading frames of Muvl and Muv2, but they also contain in-frame translation termination codons that would lead to truncated proteins if the intervening sequences were present in the mRNA. The inference that Mavl contains two introns was confirmed by analysis of the PCR-amplified cDNA sequence flanking the two putative introns of A4uvl. The sequences corresponding to the introns are absent from the ikkzvl mRNA.
Several potential regulatory motifs were recognized in the DNA sequence that ressemble but do not always completely match those identified by Breathnach and Chambon (1981) , Arkhipova (1995) , and Robin et al. (1996) . They include putative TATA boxes (positions 32 and 3792 in entry AFOO6573), cap-site sequences (positions 45 and 3862 in entry AFOO6573), polyadenylation signals (positions 2107 and 5635 or 5655 in entry AF006573), and a 5'-CCACCTTAG-3' motif (position 3203 in entry AFO06573) found upstream of each of the H, D, and L genes in D. melanogaster (Snyder and Davidson 1983) .
Similarity to Other Maltase Genes
Database searches revealed that the encoded it4uvl and A4uv2 putative polypeptides share significant similarities with maltases and other a-glucosidases. The highest similarities were found with maltases from D. melanogaster (Snyder and Davidson 1983) , Anopheles gambiae (Zheng et al. 1995) , and Aedes aegypti (James, Blackmer, and Racioppi 1989) .
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FIG. 4 (Continued)
the CCACC'M'A motif, n = 8, and so the conservation is not likely to be due to chance.
The difference in which Muller's chromosomal element includes the maltase and larval cuticle region is (Russo, Takezaki, and Nei 1995; Kwiatowski et al. 1994 ). However, it should be noted that these estimates are based on the sequence of at most two genes under the assumption of a molecular clock. Therefore, the divergence times should be taken with due caution (Powell and DeSalle 1995) . In any case, these dates support the age of the change in chromosome arm location as being at least 20 992 Vieira et al.
Myr. Furthermore, in D. melanogaster, the maltase and larval cuticle genes are only 10 kb apart (Snyder and Davidson 1983) , whereas, in all the species of the Drosophi2a subgenus analyzed, these two clusters are always in very different regions of the same chromosome. Once again, there is no evidence to support the hypothesis that any of the observed relative positions of these two gene clusters is the ancestral state. Considering the minimun age of the change in the location of the maltase and larval cuticle gene clusters (at least 20 Myr), it is possible that none of the observed relative positions is the ancestral state.
